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Both elements strongly influence the end-results as the environmental performance of RES is usually expressed as the 48 sum of the impacts of the manufacture, installation, maintenance and end-of-life inventories normalized by the 49 electricity production. Zimmerman highlighted the importance of site specific parameters that can strongly influence the 50 environmental performance of wind turbine [11] . For that reason, there is a need to move away from generic inventories 51 and assumptions as they induce uncertainty in the results and fail to consider the diversity of designs and the effect of 52 time and geography on the environmental performances of RES on the market. Among RES, tailored wind turbine 53 inventories are notably worth to be developed, given the important spectrum of the market for the technology -for 54 5 5 attributes. If a wind turbine cannot be matched with any manufacturer data, the method uses regression analysis to 115 approximate mass and dimension attributes. As a second step, knowing the location of each wind turbine, the method 116 can detect if the wind turbine is onshore or offshore. For offshore wind turbines, cartography tools are used to obtain the 117 sea depth and distance to shore. These parameters are required to size the wind turbine foundation and the length of 118 cables to connect to the national electricity grid. Third, knowing the size and mass attributes of the wind turbine, a 119 specific supply, manufacture, installation, maintenance and disposal inventory is generated with the background support 120 processes adjusted to the geographical and temporal context of the value chain, based on statistics of the appropriate 121 geographical scope of analysis (i.e. regional, national or continental). At the last step, the method retrieves the 122 registered electricity production and service time for the wind turbines already dismantled. For wind turbines currently 123 in operation, their remaining service time is estimated based on the historical service time expectancy of past wind 124 turbines (see Section 2.3). Additionally, their expected yearly electricity production is projected based on past registered 125 production. The inventory of each wind turbine can be divided by the production output registered throughout its use 126 phase to obtain its environmental burden in relation to a kWh of electricity produced. This four-step sequence adopted 127 by the model is graphically summarized in Figure 1 . The approach has been applied to a selection of individual wind turbines grouped into five sets that have been operated 132 in Denmark until 2016 as per the national wind turbines registry [22]:
2.2] MW. 139
These five sets, totaling 1,401 wind turbines and described in Table 1 , include different manufacturers and turbine 140 models. These models have been manufactured at different points in time and operated in distinct locations. Their 141 respective electricity production and service time are entirely or partially known, depending on whether they still 142 operate in 2016. 143 
145
A tailored cradle-to-grave LCI is built for each of these wind turbines with the parameterized model following the 146 above-mentioned steps. These steps are detailed in the next sub-sections. The inventories are stored in a Python 147 dictionary and the material and energy requirements are solved thereafter using the LCA framework Brightway [23] . 148
Finally, each inventory is characterized regarding the global warming impact category with a hundred-year time 149 horizon and expressed as GHG emissions (mass of emissions of CO 2 -eq.) using the characterization factors provided by 150 the Intergovernmental Panel on Climate Change [24] . 151
Modeling the foreground processes 152
The following sub-sections describe the inventory modeling of foreground processes included in the manufacture, 153 installation, use, maintenance and disposal phases of the life cycle. 154 2.1.1 Components specifications: manufacturers data and scaling models 155 The model considers onshore and offshore wind turbines as a group of components to be assembled: the tower, the 156 nacelle, the rotor (including the hub and the blades), the transformer and the connection to the substation. Onshore 157 plants have a concrete-based foundation while offshore plants are assumed to be connected to the sea bed by a steel-158 made monopile foundation -which equips 70 to 80% of the offshore installations in Denmark [25] -via a transition 159 piece. 160
Almost all the wind turbines in the studied sets have been identified and linked to manufacturers data, from which 161 precise dimensions and weights of the different components are obtained. The dimensions of the remaining few wind 162 turbines that the model could not identify are estimated using a set of scaling models based on correlations between 163 attributes of the turbine components that are presented below. 164 2.1.2 Scaling models: from wind turbine nominal power to mass and size attributes 165 The approach described in [12] is adapted to build a series of scaling models for onshore and offshore plants against the 166 mechanical and physical specifications of 1,525 unique models provided by The Wind Power database [26] . Based on 167 observed physical correlations between components, the scaling models estimate a set of dimensions and masses for the 168 foundation, tower, nacelle and rotor using the nominal rated power of the wind turbine as input. Details on the 169 correlations between the nominal power output and the different components of a wind turbine are available in the 170 Supporting information document. To illustrate the idea behind the correlations used by the scaling models, Figure 2  171 shows the sequence used to obtain the rotor weight of an unidentified wind turbine. The rotor diameter is first estimated 172 based on the nominal power output of the wind turbine, since the correlation between the two parameters is statistically 173 significant (i.e. a Pearson correlation coefficient superior to 0.75). Once the rotor diameter is known, it can be used to 174 obtain its mass. 175 report on offshore installations in Denmark [25] . A schematic representation of an offshore installation as considered in 180 this study is available in the Supporting information document. The scaling model returns the material and energy 181 requirements for the supply and installation of a steel-made monopile foundation with the transition piece, including the 182 grouting between the foundation and the transition platform, the casting of concrete at the bottom and the use of rocks 183 to prevent degradation from scouring. The overall monopile height is modelled as being equal to the part inserted in the 184 sea bed (conditioned by the nominal power output of the wind turbine and its weight), the part between the sea bed and 185 the surface (a cartographic tool is used to return the sea depth for the location of each offshore installation) and the part 186 between the surface and the transition platform (assumed to be 9 meters above the surface, regardless of other 187 parameters). The provision in primary and secondary (recycled) low-alloyed steel for the manufacture of the tower and the different 261 components inside the nacelle is also adjusted. Germany, the main supplier of steel in Europe, has been selected as the 262 primary supplier of steel, since Denmark does not have any domestic production. As secondary steel has a lower 263 embodied energy than primary steel, the recycling rate for steel has been adjusted to the year of manufacture of the 264 wind turbine to reflect the evolution in terms of recycling in the steel industry over time [39] The electricity production registered for the wind turbines that are already decommissioned is used. As described in 285 Table 1 , it is worth underlining that most of the wind turbines in the studied sets are still operating in 2016. The 286 parameterized model needs to estimate the remaining electricity production of the wind turbines still active in 2016. 287
With a service time estimated as per Section 2.3.1, the overall electricity production during the use phase is obtained byadding the product between the median value of the registered production and the estimated remaining years of service 289 time to the production that has already been registered. The median annual production value is used instead of the 290 average value to avoid considering the first year of production. Indeed, the first year of production may return a much 291 lower production figure than the following years if the wind turbine started operating towards the end of the year. 
the manufacture and installation phase due to heavier foundations. However, some 2 MW onshore wind turbines have a 308 larger rotor to increase the turbine production, which leads to a higher impact than that of the offshore ones. This 309 increased impact is associated with the higher and heavier tower required to support the larger rotor. These aspects are 310 further discussed in Section 3.1. 311 
314
When considering GHG emissions per kWh of electricity produced, there are two combined effects: on the one hand, 315 increased power output leads to increased electricity production and, on the other hand, material and energy 316 requirements per kW decrease for wind turbines with higher power output (that is, material and energy requirements do 317 not increase linearly with power output). According to the results shown in Figure 5 .b, these effects lead to a reduction 318 of the GHG emissions per kWh produced as the nominal power output of the wind turbine increases. However, the 319 reduction is significant between the 100-kW and 500-kW sets, it is less so between sets of wind turbines with larger 321 nominal power outputs. The statistic relation between nominal power output and electricity production is later discussed 322 and graphically described in Figure 8 . A lower carbon footprint for offshore wind turbines explained by a better wind 323 resource is observed, as described in Section 3.3. 324
There is a high variance in the results of the 100-kW set due to an important variability of electricity production that can 325 be partly explained by technological improvements as these turbines where the first to be develop and installed in 326
Denmark. Additionally, some wind turbines with outlying performances heavily weight on the average value of the 327 100-kW set distribution that exceeds 3,000 grams CO 2 -eq. per kWh. This is not representative of the actual performance 328 of the set (i.e. unfairly high, in that case) and it is due to wind turbines that have served as prototypes and have 329 produced very few electricity or that presented serious defects. The median value, unaffected by outlying values, is a 330 more useful statistic in this case. The distribution is narrower for the four other sets, but their standard deviation values 331 remain important: at best, the standard deviation value represents a fourth of the average value for the 1-MW set, with a 332 min-max interval going from 10 to 56 grams of CO 2 -eq. per kWh produced. As wind power can compete for investment 333 with other "low-carbon" technologies (e.g. hydro, solar, nuclear), such spread in the results is meaningful and 334 understanding its cause is important. The variance is believed to find roots in the model parameters that are of 335 technological, temporal and geographical nature, as the next subsections discuss. 336
Technological influence 337
This section looks at how the choice of design and technology affects the material and energy-efficiency of wind 338 turbines. In this case, GHG emissions are expressed per kW of nominal power output for each set of wind turbines 339 produced at a given year of manufacture. Setting a fixed year of manufacture in reference to a kW of nominal power 340 output, as opposed to a kWh of electricity produced, allows testing the influence of technological parameters while 341 keeping spatial and time-related parameters fixed. Parameters that relate to technological aspects, such as the design and 342 the intended application (onshore, offshore) of the wind turbine seem to affect the use of materials and energy and 343 consequently, the amount of GHG emissions per kW of power output. Average and median GHG emissions per kW for 344 each set of turbines are shown in Figure 6 . The results seem very sensitive to technological parameters, notably for the 345 smaller wind turbines contained in the 100-kWset. 346
As the wind turbine industry developed, the models on the Danish market became fewer along with the number of 347 producers. But the models increased in power and size. This led to less material required and less variance in terms ofimpacts associated to the manufacture phase per kW of nominal power output. Indeed, the effect of design and material-349 intensity is visible on early models with a low nominal power output, explained by a wider spectrum of designs and This difference becomes increasingly important as the sea depth increases. In relation to a sea depth of 10 meters, the 373 GHG impact of an offshore VESTAS V80 installed in the Horns Rev wind farm would approximately increase by 1% 374 per additional meter of sea depth. Upcoming floating platforms may in the future further increase this difference with 375 onshore installations, despite better wind resources found away from the coastline, according to [41] . However, floating 376 platforms will be less sensitive to sea depth and allow installation of wind turbines in deeper seas. 377 Virtually all wind turbine models rely on the extensive use of steel and electricity for manufacture. Hence, the 398 decarbonization of support systems (i.e. electricity, heat) and materials play a major role in reducing the GHG 399 emissions associated to the life cycle of wind turbines. In fact, in the case of Danish electricity, the reduction of 80% of 400 its GHG emissions within the last 20 years is to a large extent due to the expansion of wind power in the national supply 401 mix over the use of coal. The GHG emissions reduction for steel of 5% over that same period is comparatively more 402 modest, as recycling rates evolve at a slower pace. The scrap steel to be reconditioned as secondary steel takes some 403 time to return to the electric steel furnaces as the service time is generally long. However, steel is extensively used in 404 the manufacture of wind turbines -up to 500 tons can be required on a 9 MW model. Therefore, small increments in the 405 recycled content rate lead to significant potential reduction of GHG emissions. 406
The service time 407
In this section, the sensitivity of the length of service time on the GHG emissions per kWh produced of the different 408 wind turbine models contained in the 1-MW set is tested while the technological and spatial parameter values are keptfixed. All the models presented are manufactured in 2002 -the year where most wind turbines in that set were 410 manufactured -and benefit from an assumed value for wind availability at full load of 3,000 hours, which corresponds 411 to the current average wind load in Denmark [42] . The only varying parameter value in each group of wind turbine 412 models is the duration of the service time. 413
The results shown in Figure 7 .b confirm that the length of service time has a major influence on the GHG emissions per 414 kWh produced. In fact, for some wind turbine models, the most extreme variation in the service time leads to a 100% 415 difference in terms of GHG emissions per kWh produced between the best and worst performing wind turbines (see 416 model "NM 52/900"). 417
Geographical influence 418
Considering the measured electricity production allows highlighting two important efficiency-related aspects: 419 -i) the efficiency of the transformation of the wind kinetic energy into electrical power, which refers to the 420 technological ability of wind turbines to reach a certain power output at different wind speeds. This efficiency 421 is determined by the power curve. 422
-ii) the productivity, which is conditioned by the previously presented power curve and the local wind resource. 423
This productivity can be represented by the number of equivalent hours of wind at a speed that allows the 424 turbines to operate at full load. This is also synonymous to the notion of capacity factor. 425 Figure 8 shows the sensitivity of parameters associated to the location of the wind turbine during the use phase (i.e. 426 during the electricity production phase) on the GHG emissions of the different wind turbine models contained in the 1-427 MW set. All the models presented are manufactured in 2002 with a service time of 20 years and an annual electricity 428 production that equals their respective median registered production value, to reflect exclusively the influence of local 429 wind availability. As explained in section 2.3, the median value has been considered to exclude extreme non-430 representative value such as the first year of production for a wind turbine installed in December. This allows for 431 keeping technological and temporal parameters fixed to assess the sensitivity of spatial parameters (the annual number 432 of hours of available wind at full load, essentially) on the results. The amount of electricity produced over the service 433 time of the wind turbine is influential on the GHG emissions per kWh produced, as depicted in Figure 8 . The 90% 434 distribution interval is significantly spread for some wind turbine models. 435 
438
This is also confirmed by looking at the median yearly electricity production for the five sets of wind turbines, as shown 439 in Figure 9 . It can be seen that the 90% distribution interval of the 500-kW and 1-MW sets overlap. This indicates that a 440 well-located 500 kW wind turbine can potentially produce as much as a 1-MW wind turbine for which the location has 441 not been ideal. Moreover, the 90% distribution interval of the 2-MW set indicates that a well-located wind turbine may 442 produce more than twice as much than a similar wind turbine not ideally located. It is worth noting that 2 MW onshore 443 wind turbines with larger rotors generally produce more than 6 GWh/year with an average load factor of 38% compared 444 to the 27% value for wind turbines with a rotor diameter lower or equal to 80 m. Using larger rotors enables capturing 445 more kinetic energy from the moving air and producing more power at a given wind speed. Despite a higher impact 446 caused by a heavier tower to support the larger rotor, the increase of the electricity output generally more than 447 compensates the difference. However, while locations with optimal wind availability are ideal, they are usually limited 448
within an area such as Denmark. Hence, placing wind turbines in sub-optimal locations still present an environmentally 449 superior alternative to fossil-based energy technologies as it helps to improve the overall electricity supply mix. 450
Usually, offshore locations benefit from a more stable and abundant wind resource, as illustrated in Figure 9 . Although 451 in this case, the narrowness of the distribution may also be partially explained by the fact that 80 of the 104 wind 452 turbines are operated in the same wind farm. This section demonstrates that the electricity production can vary 453 dramatically even between wind turbines of a same model sharing a similar power curve. It underlines the importance 454 of the spatial parameters, notably the productivity (or capacity factor), in shaping electricity production and ultimately 455 affecting the environmental performances of wind turbines. databases or EPD, one should welcome more complex parameterized inventories that embrace technological, 505 geographical and temporal variability, limit uncertainty and allow the comparison of different models on equal grounds. 506
If LCA is to gain in precision for assessing potential wind turbine farms, there is a need in the future for models that 507 generate LCI tailored to specific projects. They would ideally allow including the specificities associated to the wind 508 turbine models considered and the context and location of use. 509
Access to such parameterized models would support better-informed decisions as wind power cannot be reduced to one 510 single wind turbine installed in generic conditions. It would also produce a more accurate reporting of GHG emissions 511 associated to wind power generation in general. At the national level, there is a need for developing nation-wide wind 512 turbine fleet inventories to improve the environmental assessment of electrical systems with a high share of renewable 513 energy. It is precisely the purpose of LCA_WIND_DK, an online LCA tool under development that will rely on the 514 parameterized model presented in this study to provide detailed environmental statistics on all past, current and future 515 wind turbines in Denmark. 516
Such methodology developed along the four-step sequence could be applied, for example, to other RES and/or to other 517 areas at regional and national level. Finally, the approach seems suitable for a large range of energy systems, especially 518 for RES for which most of the material and energy requirements occur during the manufacture and installation phases: 519 photovoltaic panels, geothermal heat pumps, tidal and wave energy converters. 520 the LCA framework used in this study. 525
